ABSTRACT The effectiveness of the amides piplartine and piperlonguminine isolated from Piper species for controlling L3 and L4 of Aedes aegypti (L.) was assessed through bioassays at concentrations ranging from 1 to 300 g/ml. Piplartine reduced the mosquito development period and caused larval mortality only at concentrations Ͼ100 g/ml, whereas piperlonguminine resulted in an extended period of mosquito development (10 g/ml) and caused 100% larval mortality (30 g/ml) within 24 h. The toxicity and cytotoxic effects of piperlonguminine on epithelial cells of the digestive system of Ae. aegypti were viewed using transmission electron microscopy, which indicated vacuolization of cytoplasm, mitochondrial swelling and leaking of nuclear material. Piperlonguminine was the more effective amide, showing toxic activity with LD 50 of Ϸ12 g/ml against the larvae of Ae. aegypti.
Several studies have drawn attention to larvicidal natural products that could be useful for controlling many vectors (Consoli et al. 1988 , Park et al. 2002 , Silva et al. 2003 , including Aedes aegypti (L.) (Angerilli 1980 ). Natural insecticides have a variety of modes of action. Although some inhibit normal growth and development (Cabral et al. 2007a,b; Park et al. 2002) , others inhibit the synthesis of tyrosinase, which is a key enzyme in cuticle sclerotization for larval mosquitoes such as Culex quinquefasciatus Say (Evans and Kaleysa 1992) . Additional mechanisms of action involve an antidiuretic effect caused by hormones (Cabral et al. 2000) , reduction of reproductive capacity (Nogueira et al. 2009 ), appetite suppression (Edwards and Wratten 1981) , and larvicidal activity ). The appeal of using natural products from plants results from their relatively shorter persistence in the environment and greater speciÞcity in comparison with classical insecticides. In addition, many of these natural insecticides present low toxicity to mammals (Dantas 1993 , Vendramin 2000 .
Amides are a class of natural products with considerable potential for biological activity, especially as insecticides (Barbieri et al. 2007 , Scott et al. 2008 , fungicides (Navickiene et al. 2000 , Marques et al. 2010 , Lago et al. 2012 , parasiticides (Cotinguiba et al. 2009 , Moraes et al. 2013 , and molluscicides (de Moraes et al. 2011 , Rapado et al. 2013 . The toxic activity of the amide tetrahydropiperine has been observed among ßies, with LC 50 ϭ 16.25 g per ßy against Lucilia cuprina Wiedemann within 24 h, and with LC 50 ϭ 7.65 g per ßy against Musca domestica L. (Barbieri et al. 2007) .
Ae. aegypti is the primary vector of the dengue virus and is widely distributed in tropical urban areas (Teixeira et al. 2002) . It has been responsible for frequent epidemics of the four dengue serotypes throughout the Americas (World Health Organization [WHO] 1997), infecting 50 Ð100 million people a year and exposing 2.5 billion people to the risk of infection (Flauzino et al. 2009 ). The adaptive Þtness of this mosquito for coping with adverse conditions includes long viability of its eggs in harsh environments and the ability to develop in polluted waters .
Previous studies on the lignan grandisin have shown that it has larvicidal activity against Ae. aegypti ) and has stimulated a search for new bioactive compounds from Piper species. Because amides are the class of compounds that most typically have presented insecticide activity in Piper species, our study evaluated the effects of piplartine and piperlonguminine amides on the development of Ae. aegypti.
Materials and Methods
Natural Products. Two piperamides, piplartine and piperlonguminine ( Fig. 1) , were isolated from Piper tuberculatum Jacq. and Piper scutifolium Yunck., respectively (Navickiene et al. 2000 , Silva et al. 2002 , Marques et al. 2007 ). Roots of P. tuberculatum and P. scutifolium were collected from specimens cultivated at the Institute of Chemistry, University of São Paulo (USP), São Paulo, Brazil. Samples of piplartine and piperlonguminine were isolated as previously described (Silva et al. 2002 , Marques et al. 2007 .
Ae. aegypti. Ae. aegypti eggs were obtained from the Vector Research and Support Center (NApVE; partnership DIRAC-IOC-VPAAPS), Oswaldo Cruz Institute, FIOCRUZ, Rio de Janeiro, and the colony was maintained in the Diptera Laboratory, Oswaldo Cruz Institute, FIOCRUZ. All experiments were carried out on third-(L3) and fourth-instar (L4) larvae from the F 1 to F 5 generations. For bioassays, eggs were placed in a receptacle containing mineral water with Þsh food added daily (0.3 mg per larva; Beserra et al. 2006 ) until pupation , Narciso 2009 , Leite 2012 .
Bioassays. Solutions of piplartine and piperlonguminine were dissolved in acetone at 1Ð300 g/ml and applied at Þnal concentrations of 1, 10, 30, 50, 70, 100, and 300 g/ml in glass containers (4.0 cm in diameter by 4.5 cm in height) containing mineral water (25 ml). After one hour of treatment, a diet of Þsh meal (Alcon Guppy, Alcon, Camboriú , Santa Catarina, Brazil) at 0.3 mg per larva, was added daily to the medium , Narciso 2009 , Leite et al. 2012 . Ae. aegypti larvae (L3) groups (F1ÐF5; 25 larvae per group) were evaluated in triplicate with three repetitions. Two control groups were used: one sample with acetone solution (without piperamides) and another untreated sample in mineral water. The development of Ae. aegypti larvae was observed until the end of the experiments. The larvae were maintained in a climatecontrolled chamber at 27 Ϯ 1ЊC, 70 Ϯ 10% relative humidity, and a photoperiod of 12:12 (L:D) h. The bioassays followed the methodology of Cabral et al. (2009) and Narciso (2009) , which was adapted from WHO (1970) . The data were analyzed using one-way analysis of variance with means separated using the TukeyÕs test with a signiÞcance level of 5% (Sokal and Rohlf 1979) . Standard deviations were calculated using the averages from the experiments using the GraphPad InStat 3.05 software (Motulsky 2002 ) and BioEstat 5.0 software (Ayres et al. 2007 ). LD 50 was calculated by means of trimmed SpearmanÐKarber analysis (Hamilton et al. 1978) .
Transmission Electron Microscopy on the Digestive System of L4 Larvae of Ae. aegypti. Midgut samples (n ϭ 3) obtained from L4 larvae of Ae. aegypti were Þxed in solution containing 2.5% glutaraldehyde, 4% paraformaldehyde (Karnovsky 1965) , and 0.5 mM calcium chloride in 0.1 M sodium cacodylate buffer solution (pH 7.2). The samples were then washed twice for 5 min in 0.1 M sodium cacodylate buffer solution (pH 7.2) and postÞxed in 1% osmium tetroxide, 0.8% potassium ferricyanide, and 0.5 mM calcium chloride in 0.1 M sodium cacodylate buffer solution (pH 7.2) for 1 h at room temperature in the dark. The samples were dehydrated in increasing gradients of acetone: 50, 70, and 90% for 5 min each, and 100% twice for 10 min. Subsequently, the material was inÞltrated in Epon followed by deÞnitive inclusion in plastic shapes for polymerization in an oven at 60ЊC for 48 h. Ultrathin sections (50 Ð 80 nm thick) were collected on grids and contrasted with 5% uranyl acetate in water for 15 min and then 2% lead citrate for two min, for observations in a Jeol transmission electron microscope (JEM-1011, JEOL, Akishima, Tokyo, Japan).
Results

Bioassays.
Ae. aegypti larvae (L3) treated with piplartine showed decreased L3-adult development time at the concentrations of 1 g/ml (3.15 M) and 10 g/ml (31.51 M; Table 1A) . The larvicidal activity level using piplartine was 100% (P Ͻ 0.001) at 300 g/ml (945 M; Table 1B) and the LD 50 was 155.5 g/ml (490 M).
Ae. aegypti larvae (L3) treated with piperlonguminine showed signiÞcant extension of the L3-adult development period at the concentration of 10 g/ml Piplartine treatments on Ae. aegypti at concentrations of 1Ð300 g/ml. Values are mean Ϯ SD (X Ϯ SD), as an average of three replicates of 25 (L3) larvae per group. Values followed by the same letter in the same column did not signiÞcantly differ from each other by Tukey test with P Ͼ 0.05. SigniÞcance levels comparing compound versus control 2 (acetone control) are represented as ***, P Ͻ 0.001. VI, range of variation; NO, not observed.
(36.5 M; P Ͻ 0. 001), with a longer length of time for development (15Ð22 d), in comparison with the controls (5Ð19 and 6 Ð20 d; Table 2A ).
The treatment with 10 g/ml (36.5 M) of piperlonguminine resulted in 23% larval mortality. A 100% larval mortality was observed within 4 d at 30 g/ml (109.7 M; P Ͻ 0.001; Table 2B), with LD 50 ϭ 12 g/ml (43 M). The assays at concentrations higher than 30 g/ml (109.7 M) gave 100% larval mortality (P Ͻ 0.001), and concentrations higher than 50 g/ml (182.9 M) displayed nearly the same mortality within 24 h (Table 2B) .
Electron Microscopy. Morphological analysis of L4 larvae by means of transmission electron microscopy, on the Ae. aegypti groups, controls, and acetone controls, showed normal features without apical, medial, or basal morphological alterations to the midgut cells ( Fig. 2A) . The epithelial cells were arranged in a single layer, with an apical surface covered with numerous well-preserved elongated microvilli, nuclei with normal chromatin condensation, preserved intercellular junctions, and homogeneous cytoplasm appearance (Fig. 2B) .
Nevertheless, in cases of L4 Ae. aegypti larvae treated with 50 g/ml (182.9 M) of piperlonguminine, several changes in the digestive tube cells were observed, with low and wide microvilli (Fig. 2C ) and intense vacuolization of the cytoplasm (Fig. 2 F) . The presence of myelin Þgures (Fig. 2E) and disorganized structures indicated cell stress, which is one of the signs of cell degeneration (Fig. 2C) . In some nuclei, extraction of DNA material from the midgut cells was observed (Fig. 2D) .
Discussion
The effects of amides from Piper species on Ae. aegypti were evaluated taking into account various biological parameters, such as the inhibition of developmental processes and toxicity. The most signiÞcant data regarding toxicity were shown by piperlonguminine, which caused 100% larval mortality within 24 Ð96 h, at 30 g/ml (109.7 M). The treatment with piplartine at the concentration of 10 g/ml (36.5 M) delayed mosquito development and presented larval mortality only at concentrations higher than that observed for piperlonguminine.
The results from this study corroborated the Þnd-ings of piperamide toxicity toward insects that had previously been observed in relation to piplartine (LC 50 ϭ 40 ppm) against Anopheles darlingi Root ( Trindade et al. 2012) . In addition, larvicidal activity was displayed by the mixture N-phenylethyl-2Z-nonen-6,8-diinoic amide and N-phenylethyl-2Z-decen-6,8-diinoic amide against Ae. aegypti, with LC 50 ϭ 1.46 ppm (Simas 2003) . Also, piperine amide has shown larvicidal activity against Ae. aegypti, with LC 50 ϭ 1.53 ppm (Simas et al. 2007 ). The toxicity of piptigrine, an amide isolated from Piper nigrum L., was LC 50 ϭ 15 ppm (Siddiqui et al. 2004) , while the toxicity of pipernonaline, isolated from Piper longum L., was LC 50 ϭ 25 ppm (Yang et al. 2002) , against Ae. aegypti. In the current study, piperlonguminine was conÞrmed to have larvicidal activity against Ae. aegypti at the lower concentrations that were observed with pipernonaline (Yang et al. 2002) .
The toxic activity of 3,4-methylenedioxy cinnamoyl piperidine amide, piperine, and tetrahydropiperine have been investigated against ßies, but only tetrahydropiperine showed signiÞcant activity against Lucilia cuprina Wiedemann and Musca domestica L., with LC 50 ϭ 16.25 g per ßy and 7.65 g per ßy in 24 h, respectively (Barbieri et al. 2007 ).
In our evaluations of amides against Ae. aegypti, the isobutyl amide piperlonguminine was found to have the highest larvicidal effect. Piperlonguminine has methylenedioxyphenyl moiety similar to piperine, pipernonaline, and piptigrine. It has been recognized that this pharmacophore group is involved in several synergistic agents, such as in piperonyl butoxide and analogs, promoting larvicidal, antifeedant, and insecticidal activity (Casida 1970 , Scott 1999 , Waliwitiya et al. 2012 . In general, methylenedioxyphenyl compounds act by competitively inhibiting P450 mixedfunction oxidases. In the case of piperine, the inhibitory effect on monoamine oxidase has been demonstrated in relation to many targets (Rahman and Rahmatullah 2010) , with possible use in ParkinsonÕs disease (Al-Baghdadi et al. 2012) .
The treatment of L4 larvae of Ae. aegypti with piperlonguminine caused effects on the ultrastructure of epithelial cells, in which intense cytoplasmic vacuolization and changes to the structure of the microvilli were observed similarly to previous descriptions (Sharma and Rai 1969 , Cocke et al. 1979 , Davidson 1979 , Charles 1987 , Flores and Lamorena 1991 .
In a study on plant extracts, Arruda et al. (2008) reported that in the midgut cells of larvae of Ae. aegypti, the microvilli were poorly developed with various mitochondrion sizes. In addition, the cell nuclei had a very distinct appearance and large numbers of vacuoles indicating intense lysis. Those Þndings were similar to the results from the current study. Accord- Piperlonguminine treatments on Ae. aegypti at concentrations of 1Ð100 g/ml. Values are mean Ϯ SD (X Ϯ SD), as an average of three replicates of 25 (L3) larvae per group. Values followed by the same letter in the same column did not signiÞcantly differ from each other by Tukey test with P Ͼ 0.05. SigniÞcance levels comparing compound versus control 2 (acetone control) are represented as ***, P Ͻ 0.001 and *, P Ͻ 0.05. VI, range of variation; NO, not observed.
ing to the authors cited above, the toxic effects of various compounds caused changes to the midgut cells of larvae of Ae. aegypti and other mosquitoes. Therefore, regardless of the source of the toxic substances tested as larvicides, they will act on the midgut epithelial cells, thereby causing irreparable damage and indicating the location of absorption of these compounds.
In conclusion, the amides exhibit toxicity against L3 larvae of Ae. aegypti. Piperlonguminine was the most effective compound: it increased the length of development and Þnally caused high mortality among the larvae of Ae. aegypti. Moreover, piperlonguminine caused changes to the digestive tube cells, as revealed by transmission electron microscopy. This indicated that it was absorbed by the midgut epithelial cells, thereby causing cell destruction and leading to larval death. 
